Abstract Cavity-enhanced direct frequency comb spectroscopy combines broad spectral bandwidth, high spectral resolution, precise frequency calibration, and ultrahigh detection sensitivity, all in one experimental platform based on an optical frequency comb interacting with a high-finesse optical cavity. Precise control of the optical frequency comb allows highly efficient, coherent coupling of individual comb components with corresponding resonant modes of the high-finesse cavity. The long cavity lifetime dramatically enhances the effective interaction between the light field and intracavity matter, increasing the sensitivity for measurement of optical losses by a factor that is on the order of the cavity finesse. The use of low-dispersion mirrors permits almost the entire spectral bandwidth of the frequency comb to be employed for detection, covering a range of ∼10% of the actual optical frequency. The light transmitted from the cavity is spectrally resolved to provide a multitude of detection channels with spectral resolutions ranging from a several gigahertz to hundreds of kilohertz. In this review we will discuss the principle of cavity-enhanced direct frequency comb spectroscopy and the various implementations of such systems. In particular, we discuss several types of UV, optical, and IR frequency comb sources and optical cavity designs that can be used for specific spectroscopic applications. We present several cavity-comb coupling methods to take advantage of the broad spectral bandwidth and narrow spectral components of a frequency comb. Finally, we present a series of experimental measurements on trace gas detections, human breath analysis, and characterization of cold molecular beams. These results demonstrate clearly that the wide bandwidth and ultrasensitive nature of the femtosecond enhancement cavity enables powerful real-time detection and identification of many molecular species in a massively parallel fashion.
Introduction
manifold of atomic and molecular energy levels of interest [18] [19] [20] . The development of mode-locked fiber lasers has led to robust optical frequency comb sources capable of continuous operations without user intervention [21] . Frequency comb-based systems can also employ high peak intensities available from the pulsed output to enable efficient nonlinear frequency conversions for easy access to spectral regions spanning from the UV to the far infrared [22] [23] . While techniques such as fourier transform infrared spectroscopy (FTIR) also offer broad spectral coverage with reasonably good spectral resolution, the intrinsically parallel detection capability enabled by a frequency comb brings a truly revolutionary impact to the efficiency of signal collection.
Recent approaches to molecular detection that use broad bandwidth frequency combs have indeed created parallel detection schemes that in a single shot record large spectral bandwidths [24] [25] . The only missing piece in this powerful combination for spectroscopy is high sensitivity, which can be satisfactorily addressed via the use of high-finesse, broadband, low-dispersion enhancement cavities [26] [27] .
Frequency comb based spectroscopic systems have made significant progress recently [28] [29] [30] . While they
are not yet as simple as an FTIR-like spectrometer, the demonstrated capability of providing cavity-enhanced sensitivity over hundreds of nanometers of optical wavelength has stimulated a great interest in the spectroscopy community. It is our hope that this review article will provide useful material to facilitate the spread of this new spectroscopic technique to the wider community. In the article we present a review of cavity-enhanced direct frequency comb spectroscopy (CE-DFCS), discussing the principles of operations followed by several examples of applications. To provide useful technical information, a number of optical frequency comb sources will be surveyed, including titanium sapphire lasers, erbium fiber lasers, yetterbium fiber lasers, and other comb sources generated through nonlinear frequency conversion. Also, we will present a number of methods for coupling a frequency comb to an optical cavity and discuss various techniques to provide parallel detections of frequencyresolved absorption information transmitted from the optical cavity. Methods for increasing the spectral bandwidth and reducing acquisition time in future systems will be discussed. Finally, a series of CE-DFCS measurements will be presented to demonstrate the current capabilities of these systems.
Frequency comb properties and sources

Comb properties
Many of the same properties that make the frequency comb an excellent tool for counting optical frequencies and transferring coherence across vast spectral regions also make it an ideal light source for broadband, cavity enhanced spectroscopy. Frequency combs are capable of covering very large spectral ranges of hundreds of tera-hertz, thus enabling investigations of global energy level structure for multiple species. At the same time, the spectrally sharp and precisely defined frequency structure of the comb components allow high-resolution and frequency-calibrated spectroscopy across massively parallel detection channels. For the same reason, the frequency comb is ideal for sensitive intracavity spectroscopy since it can be efficiently coupled to a corresponding set of resonant modes of a high finesse optical cavity across a wide spectral region. f r can be determined directly from the pulse train incident on a fast photodiode while f o requires nonlinear interferometry [31] [32] . Two stable radio frequency ref-
erences can be used subsequently to stabilize f r and f o via servo transducers acting on the laser cavity length and the intra-cavity dispersion. A frequency comb can also be stabilized directly to a passive optical cavity by detecting the cavity response to the incident comb spectrum in the optical domain [33] , as discussed in later sections of this paper.
Comb sources and their applications to spectroscopy
Many different types of mode-locked laser sources exist to provide coverage for a wide variety of spectral regions from blue to the mid IR. When nonlinear frequency con-version and spectral broadening techniques are implemented, the spectral coverage can be extended well into the VUV and the far infrared. The diversity of spectral regions that can be accessed allow frequency comb spectroscopy to be performed on a large variety of atomic and molecular systems. For the purposes of this review, we will restrict discussions to titanium sapphire lasers, erbium fiber lasers, and yetterbium fiber lasers. Nonlinear frequency conversion to other spectral regions based on these laser sources will also be briefly discussed. While the gain bandwidth of Ti:sapphire lasers cover only 700-950 nm, subsequent super-continuum generations in photonic crystal and tapered telecommunications fibers [23] [34] [35] , and the later development of octave-spanning Ti:sapphire lasers via intracavity nonlinear phase modulation allowed spectral coverage extending from the deep blue to the near Infrared (NIR) [36] [37] [38] . As the first generation of precisely controlled optical frequency combs were based on Ti:sapphire lasers, it is natural that they played important roles in the first demonstrations of direct frequency comb spectroscopy [18] . Frequency comb based cavity-enhanced absorption spectroscopy (CEAS) and cavity ring-down spectroscopy (CRDS) were also first performed with Ti:sapphire combs on molecular overtone transitions [26] [27]. The secondharmonic of a Ti:sapphire comb was scanned over a low- finesse cavity to measure high overtones of C 2 H 2 in the blue visible region [39] . Frequency down conversion of Ti:sapphire combs has been used to produce infrared fre-quency combs via difference frequency generation (DFG) and optical parametric oscillation (OPO) techniques [40] [41] [42] . Such infrared combs have been used to probe the strong fundamental vibration transition in molecules [43] . Finally, high harmonic generation (HHG) has been used to generate frequency combs in the vacuum ultraviolet regions [44] [ 45] , and with improvement in the power [46] they could be used to probe ground state transitions of noble gases [47] .
More recently, mode-locked erbium and ytterbium fiber lasers have been developed that generate highly stable frequency combs which are pumped by inexpensive laser diodes [48] [49] [50] [51] [52] . These lasers can conveniently produce super-continuum spectra via coupling to highly nonlinear fibers. They have been frequency converted to cover the spectral domain extending from the infrared to ultra-violet, using the same techniques described for Ti:sapphire [53] [54] . The fiber lasers are compact, reliable, and robust, with turn-key operations.
Thus they have a very promising future for commercial applications. Recent work has used an erbium fiber comb to perform CE-DFCS on low molecular overtones for trace detection of a wide variety of molecules [28] [30].
Finally, fiber combs are conveniently located in the 1.0 -1.5 µm spectral domain, overlapping with strong firstorder vibration overtones of many molecules. They are also ideal for frequency conversion to extend the coverage of frequency combs to the mid and far infrared, important regions to cover fundamental vibrational transitions of molecules.
Useful properties for passive optical cavities
Important properties for passive optical cavities used in CE-DFCS include the finesse for detection sensitivity, the intra-cavity dispersion for comb-cavity coupling, and the spectral bandwidth for useable spectroscopy win-
In this section we analyze these properties for a cavity constructed from two highly reflective mirrors with quarter-wave stack coatings. This analysis will illustrate why high finesse, low dispersion, and large spectral bandwidth are desirable qualities for a CE-DFCS cavity.
We will discuss their intrinsic relationships and necessary compromises we need to make to achieve optimum detection. Another form of a high-finesse, low-dispersion optical cavity, i.e., a retro-reflecting prism cavity [55] , will be mentioned briefly at the end of this section.
Finesse
The most important property of a cavity is its finesse.
The finesse determines the enhancement factor for the intracavity absorption signal that can be recovered from the cavity transmission. Therefore, precise knowledge of the cavity finesse is important for making accurate measurements of the intracavity absorption. The cavity finesse F is proportional to the inverse of the total intracavity loss. For a cavity constructed from two mir-rors with negligible scattering losses, the cavity finesse is related to the mirror reflectivities R 1 and R 2 by the
For low-loss cavities (F > 1000), the cavity finesse is usually measured via CRDS [57] . CRDS measurements are performed by injecting laser light into a resonant mode of the cavity and then rapidly switching off the incident light. Without input, the intracavity power gradually decays at a rate that is determined by the ratio of the total cavity loss and the cavity round-trip time,
i.e., the linewidth of a cavity resonance mode. The cavity decay time τ cavity and finesse F are thus related by F = 2πτ cavity F SR, where F SR represents the cavity free-spectral-range frequency.
It is straightforward to use a single-frequency CW laser for CRDS measurements. For fast switching of the light source, the laser frequency can be swept quickly across the cavity resonance such that the time the laser spends on resonance with the cavity is shorter than the cavity lifetime. Another way of switching the incident light is to use an acousto-optic or electro-optic modulator that can provide switching times of less than a few hundred nanoseconds, sufficiently shorter than a typical high-finesse cavity lifetime. CRDS measurements can also be performed with an optical frequency comb if the mode spacings of the cavity and the comb are roughly matched. The frequency comb components can then be frequency-scanned across the corresponding cavity modes just as in the case for a CW laser. When the cavity transmitted light is frequency resolved using a grating or some other forms of dispersion, the information about the cavity finesse, and thus the intracavity loss, is obtained simultaneously across the entire spectrum of the comb [27] . Fig. 3 The finesse, and the corresponding cavity mirror reflectivity, of an optical enhancement cavity spanning from 1.51 to 1.68 µm measured by a mode-locked Er +3 fiber laser using frequency-resolved cavity ring-down spectroscopy.
A set of measurements using fast sweeping of the comb frequencies and a grating disperser after the cavity are shown in Fig. 3 . Here, a frequency comb from a modelocked Er-fiber laser was used to couple into a cavity constructed from two mirrors with peak reflectivity at 1.6 µm [29] . A grating was used in cavity transmission to provide a 1-nm spectral resolution. A beam splitter was used to direct a portion of the cavity transmission to an optical spectrum analyzer for wavelength calibration of the ring-down measurements.
Cavity mode frequencies and dispersion
The intracavity dispersion of an optical cavity is important, especially for frequency comb-based spectroscopy, as it determines the spectral bandwidth over which the cavity modes and the comb components can be overlapped simultaneously. While the comb modes are evenly spaced in the frequency domain, ν n = nf r + f o , the cavity mode spacing is frequency dependent, For now we describe a method of using the frequency comb itself to precisely measure the intracavity dispersion. We will discuss the application of these measurements in later sections.
A schematic of the comb-based cavity dispersion measurement is shown in Fig. 4 . The comb acts as a frequency ruler to determine the cavity mode structure and the wavelength-dependent F SR. First, f r of the laser is detuned away from the cavity F SR at 800 nm as shown in Fig. 4 b) . A frequency discrimination signal between the cavity modes and frequency combs is re- covered and serves to lock the comb to the cavity near the edge of the cavity/comb spectrum (830 nm in this case). This locking wavelength becomes a reference from which the cavity F SR is compared to the laser f r . As one gradually moves away from 830 nm to other parts of the comb spectrum, the corresponding comb components will spectrally walk away from their respective cavity resonance modes. However, after a sufficiently large spectral gap, a set of comb lines will again come on resonance with cavity modes. Overlaps between the comb frequencies and cavity modes that lead to cavity transmissions are schematically illustrated in Fig. 4 c) . A spectrometer is used to measure the wavelength-resolved intensity of the light transmitted from the cavity, as shown in Fig. 4 a) for two different values of f r .
The frequency separation between the m th cavity mode and the m th comb component from the locking point (830 nm) can be determined by the walk-off integral [60] ,
Here F SR(ν) is the wavelength (frequency)-dependent cavity F SR that is to be determined. ∆ν m is the fre- 
Here, the values of f r that give rise to cavity transmission peaks at frequencies ν t are used to determine the frequency dependance of the cavity F SR. Finally, a simple equation
is used to calculate the intracavity group-delay-dispersion from the frequency dependent cavity F SR. Fig. 5 shows a measurement of the intracavity dispersion for an evacuated two-mirror cavity centered at 800 nm using the comb technique. The precision of this dispersion measurement technique is directly related to the cavity finesse. Higher finesse leads to more sharply peaked features in cavity transmission and reduced uncertainties in the determination of the center wavelength of the transmission peak.
In the example for Fig. 5 , the cavity under measurement had a finesse of 3000 and the achieved experimental precision for intracavity dispersion measurement was better than 1 fs 2 .
Spectral bandwidth
The spectral bandwidth of a cavity refers to a spectral window in which the cavity has a high finesse and nearly uniform cavity F SR that are important for cavity-enhanced frequency comb spectroscopy. The spectral bandwidth provided by quarter-wave stack Bragg reflectors depends on the refractive index contrast of the two materials that comprise the stack. Typical bandwidths are around ∼15% of the center optical frequency where the mirrors have their peak reflectivity. However, the spectral coverage of modern optical frequency combs can be very large (∼90% of the central frequency). As a result, optical cavity designs currently available limit the spectral coverage that can be achieved with CE-DFCS.
In response to this, efforts toward improved designs for low-loss and low-dispersion mirrors have been intense over the past few years [61] . Also, new designs for highfinesse cavities that use prism retroreflectors instead of mirrors are under development. Since prism retroreflectors are based on broad bandwidth effects, such as Brewsters angle and total internal reflection, these cavities could provide spectral bandwidths of 80% of the center optical frequency with a finesse of up to 50,000 [55] .
Such cavities have increased dispersion since a portion of the cavity mode is inside of the prism. However, careful design of the cavity prisms, including minimizing the prism size and the use of low dispersion materials, looks promising for providing simultaneous low dispersion and high finesse over large spectral bandwidths.
Cavity/comb coupling
In this section we discuss techniques that are used to couple the frequencies of an optical comb to the resonant modes of an optical cavity. Three techniques will be discussed, including (1) lock of the comb components to the cavity modes, (2) a low amplitude, fast sweep of the comb components over the cavity modes, and (3) precision scan between initially mismatched F SR and f r such that one comb component leaks out of the cavity at a time. Each of these techniques offers different compromises between benefits and limitations for performing CE-DFCS. Practical applications will dictate the choice for the right approach.
Comb locked to cavity
The most intuitive method for coupling a frequency comb to an optical cavity is a precise and simultaneous overlap of all of the comb frequencies with corresponding cavity modes ( Fig. 6 ). To perform this type of coupling requires that the optical cavity maintains the same optical path length as that of the frequency comb laser (i.e. F SR = f r ). Also, the dispersion of the optical cavity must be sufficiently low to ensure a large number of comb modes overlap with their corresponding cavity modes. 
Comb swept around cavity
The second method for coupling comb frequencies to cavity modes involves a periodic injection of the comb into the cavity. This is accomplished by introducing a low amplitude, quick frequency sweep between the corresponding modes of the cavity and the comb [26] [27]. This type of coupling has several advantages and some drawbacks compared to directly locking the comb to the cavity. The first advantage is that the requirement on the intracavity dispersion is relaxed. Since the comb and cavity modes are being swept over each other, it is no longer required that all of the comb and cavity modes are exactly overlapped simultaneously. Instead, different modes are allowed to come on resonance at slightly different times, thus increasing the useful spectral bandwidth that is recovered in cavity transmission. With a reasonably low dispersion, high finesse, and fast frequency sweeping, the time it takes for different comb modes to come on resonance with the cavity can be shorter than the cavity lifetime.
In the case of Fig. 7 , 100 nm of comb spectrum centered at 1.55 µm is swept over the cavity modes. Due to low intracavity dispersion and optimal matching of the comb to the cavity, all comb frequencies come onto resonance with the cavity at nearly the same time. Under these conditions, the cavity transmission signal is sharply peaked. The amplitude of the frequency sweep can be made very small such that the comb is on resonance with the cavity for a large fraction of the sweep time. By using the smallest possible sweep amplitude, the power contained in the cavity transmission is maximized. The primary disadvantage of sweep-based coupling is the loss of duty cycle for useful cavity transmission.
Making a faster sweep reduces the intensity noise, but the power transmitted through the cavity is also reduced.
Therefore it is necessary to choose an optimum sweep rate that maximizes the overall S/N of the cavity transmission by making a compromise between the intensity noise and the transmission power. For systems implemented in our lab, a sweep rate of 1-2 kHz is optimal such that the cavity is allowed to build-up intensity for 1/10τ cavity . Of course, the optimal settings depend on the bandwidth of the sweep actuator, and the degree of isolation of the cavity and laser system from mechanical vibrations of their environment. Less mechanical noise allows for a longer intracavity build-up time and higher optical power in the cavity transmitted beam.
Precision sweep of laser f r
The final method of coupling the comb to cavity involves purposely mismatching the cavity F SR and the laser f r .
The comb modes are then swept precisely through successive cavity modes such that the cavity acts as a frequency filter in transmission, allowing one or a handful of comb components to be transmitted at a time. This allows serial detection of individual frequency comb components across the comb spectrum [28] . To illustrate this approach, we demonstrate the measurement of the spectrum of our mode-locked fiber laser using two distinctly different methods (Fig. 9) . The spectral bandwidth that can be achieved in a single scan is determined by δf and f r . Figure 10 illustrates that if the comb is on resonance with the cavity at a particular frequency, δf will initially cause the comb modes to become detuned from the cavity modes in the neighboring spectral region. However, after a frequency inter- To achieve the actual cavity-linewidth-limited spectral resolution for ∆ν < δf , the frequency difference between the cavity and comb modes needs to be stabilized to within the cavity linewidth. If the jitter of the cavity or comb modes are larger than the cavity linewidth, then the value of (∆ν) used for determining the resolution should be replaced with the frequency jitter. Since cavities used for sensitive detection can have linewidths in the kHz range, stabilizing the jitter below this level is straightforward in a research laboratory but could be challenging in field applications.
Compared to the frequency sweep technique for coupling the comb to the cavity, the approach of precision f r scan typically uses slower sweep rates of the comb modes.
It is therefore more susceptible to cavity/comb coupling noise arising from mechanical vibrations. Furthermore, this approach takes measurements in a serial manner, prolonging the measurement time. However, this technique does have the benefit of spectrally resolving the cavity transmitted signal without the need for an external spectrometer, a unique feature not shared by the two other coupling techniques.
Measurement schemes
This Section describes three measurement schemes that can be used to recover intracavity absorption information from the cavity transmitted beams. The two common methods are cavity-enhanced absorption spectroscopy (CEAS) and cavity ring-down spectroscopy (CRDS). An intermediate scheme is transient CEAS.
Cavity-enhanced absorption spectroscopy
CEAS refers to measurements of the intracavity absorption that are made by comparing the power transmitted through the cavity with and without absorption present.
These measurements can be performed by either locking the comb to the cavity or by sweeping the comb frequencies over the cavity modes. For the purposes of this section, locked measurements will be referred to as steady state CEAS while measurements involving frequency sweep will be referred to as transient CEAS.
As will be seen in the following section, the signal to noise ratio achieved in cavity transmission and thus the absorption sensitivity depends slightly on the type of CEAS that is implemented.
For steady state CAES measurments, the comb is locked to the cavity, allowing the intracavity power in each mode to reach steady state after several cavity lifetimes. For a single comb component that is on resonance with a cavity mode, the effect of absorption on the power of the light transmitted through the cavity is given by
Here P t (ν) is the transmitted power, P inc is the power incident on the cavity, and R 1,2 and T 1,2 are the reflectivity and transmission coefficients of the cavity mirrors at frequency ν. L is the cavity length and α(ν) is the frequency-dependent intracavity absorption [63] [64]. In the limit that α(ν)L 1 and R 1,2 ≈ 1, the change in transmitted power due to absorption α(ν) can be written
Equation 5 illustrates that in the limit of low absorption, steady state CEAS results in an enhancement of the single pass absorption signal by a factor of 2F/π. Steady state CEAS has the benefit that it is the most sensitive of the intracavity absorption measurement techniques.
However, as discussed in the previous section, there are several drawbacks to this technique. The first is the complexity of the comb/cavity servo system since it is necessary to control both the laser f r and f o to high precision.
Secondly, intracavity dispersion due to the mirrors and sample gas results in a limited spectral bandwidth over which the comb frequencies and cavity modes are over- To perform transient CEAS, the comb modes are made to overlap the cavity modes like they would be for steady state CEAS. However, instead of locking the comb to the cavity, a low modulation amplitude (<10% F SR), fast (>1 kHz) sweep is applied to either the laser f r , f o , or the cavity F SR. For a single comb component, the effect of intracavity absorption on the transmitted power is given by
Here n is the number of cavity round trips and r 1,2 are the electric field reflection coefficients for the cavity mirrors. The phase term is given by
where ν(t) is the instantaneous frequency of the comb component, and β is its frequency sweep rate [67] [68]. 
Cavity ring-down spectroscopy
Another method for making intracavity absorption measurements is cavity ringdown spectroscopy (CRDS) [57] [ 
Depending on the length and finesse of the optical cavity, this decay time can take on values ranging from tens of nanoseconds to hundreds of microseconds. In the limit that α(ν) 1 and R 1,2 ≈ 1, the change in cavity decay time due to absorption α(ν) can be written as
For CRDS, the absorption sensitivity in the low absorption limit is exactly half of the steady state CEAS sensitivity. This is due to the fact that for steady state CEAS, the presence of the incident beam suppresses decay of the field from the input mirror. While in CRDS, the field decays through both the input and output mirrors. In the case that the reflectivity of the input and output mirrors are exactly equal, CEAS is twice as sensitive to intracavity absorption as CRDS. In the case of unequal reflectivities, equations 4 and 8 can be used to determine the relative sensitivities.
CRDS has a couple of advantages over the CEAS methods for measuring intracavity absorption. First, since the laser is effectively switched off during the measurement time, cavity ringdown measurements are free of laser intensity noise. Also, since the finesse of an optical cavity is typically a very stable quantity that can be measured to high precision, background measurements of the cavity decay rate without any intracavity absorption can be performed relatively infrequently. Hence, more time can be devoted to making absorption measurements rather than calibrating them. The only drawback of cavity ringdown spectroscopy is that it requires fast sampling to record the cavity decay rate. This becomes challenging in broadband applications where hundreds or even thousands of channels must be simultaneously sampled to record an intracavity absorption spectrum.
Sensitivity comparison
To conclude this section we present a comparison of the sensitivity between each of the three measurement schemes. This comparison will be illustrated by the sensitivity of a transient CEAS measurement as a function of the speed at which a comb frequency is swept over the cavity mode. In the limit of an infinitely slow sweep, the sensitivity of transient CEAS approaches that of steady state CEAS. In the limit of a very fast sweep speed, the sensitivity of transient CEAS approaches that of CRDS. For the calculations displayed in Fig. 11 , the cavity In practice, it is usually advantageous to sacrifice the factor of 2 enhancement associated with steady state CEAS and work in the regime of fast sweeping. Doing so allows us to avoid relatively low frequency mechanical noise present in both the laser and the passive optical cavity. The gain in S/N by making detection at Fourier frequencies where mechanical noise is low is typically much greater than the factor of 2 gained via steady state detection.
Detection schemes
In the previous section we have outlined a few strategies for making intracavity absorption measurements. In this section we focus on broad-bandwidth detection schemes that can be implemented to provide frequency-resolved and massively parallel detection channels for the intracavity absorption. Depending on particular applications, different detection schemes can provide uniquely optimized performances.
Photodiode array or CCD detection
The simplest way to perform parallel detection of a broadband cavity transmission signal is to use a dispersive element such as a diffraction grating followed by imaging optics and a multi-element photodetector. The detector can take the form of a photodiode array or a CCD camera. In this configuration, the final detection resolution is determined by the spectral resolving power of the grating and the imaging resolution on the detector array.
Grating spectrometers typically provide resolutions on the order of a few to many tens of gigahertz. The overall spectral bandwidth that can be recorded by the detector in a single shot is limited by the size of the detector array and the area over which a flat field of imaging can be maintained. Single shot spectral bandwidths range from hundreds of gigahertz to several terahertz. For a fixed detector size with n resolvable detection channels and a resolution of δν, the spectral bandwidth that can be recorded in a single shot is nδν. This relationship illustrates the compromise that must be made between single shot bandwidth and resolution that is encountered when designing a broadband detection system. A block diagram of the electronics architecture is shown in Fig. 12 . A large photodiode array, consisting of hundreds to thousands of detector elements, is first divided into sub-arrays of 10 to 50 elements that detect adjacent portions of the optical spectrum. The photodiode array in Fig. 12 represents one of these sub-arrays. The only a small prototype of this circuit consisting of four channels has been built and tested, but the scalability of this architecture will allow for hundreds to thousands of channels to be simultaneously sampled with small additional effort.
VIPA spectrometer
One way to overcome the compromise between spectral bandwidth and resolution is to use a virtually imagedphased array (VIPA) spectrometer (Fig. 13) The 2D spatial pattern of the comb is then imaged onto To resolve the vertical fringes in a VIPA spectrometer, the grating must have a resolution that is higher than the F SR of the VIPA etalon. To use the cavity-filtration approach for frequencyresolved detection of cavity transmission, it is necessary to precisely control the frequencies of both the cavity and comb modes. For the measurements presented here, the frequency stabilization scheme is shown in Fig. 16 .
The cavity is stabilized by locking a particular cavity resonance (and thus the cavity length) to a frequencystabilized Nd:YAG laser at 1064 nm. The cavity length is stabilized to λ/3200 RMS. For F SR ∼400 MHz, this corresponds to stabilization of a cavity resonance frequency to within 250 kHz. To stabilize the relative frequency between the cavity and the comb, the tenth harmonic of the laser f r is locked to the frequency difference of a 1 GHz low-phase-noise crystal oscillator and a 10 MHz auxil-iary RF signal from a direct digital synthesizer (DDS).
The time base of the DDS is slaved to the same lowphase-noise crystal oscillator. The DDS is used to generate a high precision linear frequency ramp that sweeps the comb frequencies over the cavity modes. The DDS makes a 500 Hz ramp in steps of 23 mHz, each lasting 10.2 µs for a total sweeping time of 0.22 s.
To illustrate the utility of this scheme for frequencyresolved detection of cavity transmission, the cavity was backfilled with 100 mTorr of C 2 H 2 and 500 Hz scans were taken at detunings of δf = f r −F SR = 2.5 kHz and 5 kHz. Figure 17 shows the recovered spectral features as a result of these scans. Since the cavity modes were stabilized to within 250 kHz (effective ∆ν), the 2.5 kHz detuned scan resulted in a resolution of (∆ν/δf ) × f r = 10 GHz. The available spectral bandwidth for this scan is f 2 r /δf = 3.92 THz, or 30 nm at 1.525 µm. Figure   17a shows 25 nm, or 83% of the available scan width, with the C 2 H 2 absorption spectrum clearly extracted in Fig. 17b . For the 5 kHz scan, δf was increased by a factor of 2 and consequently the resolution increased and the bandwidth decreased by the same factor of 2. This leads to a 5 GHz-resolution spectrum shown in Fig. 17c .
The variations in the baselines of these two scans arise from a combination of cavity/comb coupling noise and absorptions due to unresolved hot bands of C 2 H 2 that occupy the same spectral region as the first overtone of the asymmetric C-H stretch. A couple of options exist to achieve higher resolution capable of resolving these lines. The first and the most intuitive approach is to increase the detuning δf and perform scans of higher resolution with narrower spectral bandwidth. The second and more elegant method was recently demonstrated by Gohle et al. [28] . This method Fig. 18 An example of how the comb/cavity detuning (δf )
can be selected to match the cavity-filtered spectral bandwidth to the corresponding spatial period of a multichannel spectrometer in cavity transmission.
combines cavity filtering with a grating spectrometer in cavity transmission to achieve high resolution and large spectral bandwidth in a single system. In a sense, this scheme shares the same spirit as the VIPA spectrometer, where a high resolution element (etalon) is combined with a low resolution grating. Whereas the VIPA scheme uses a second spatial dimension to provide high resolution, cavity filtration uses temporal scan of the comb freuqnecies. Fig. 18 shows a schematic of how the cavity filtration and spatial dispersion can work together to provide high resolution and large spectral bandwidth.
The detuning δf is chosen to match the resolution of the grating spectrometer to the spectral bandwidth of cavity filtration. In doing so, each resolvable unit of the spectrometer contains a single comb component at each step during the frequency scan. For the example shown in Fig. 18 , each scan covers 250 cavity modes requiring a scan time of at least 250 cavity lifetimes for single comb mode resolution. For typical cavities, 250 cavity lifetimes corresponds to a scan time of one to tens of milliseconds.
Applications
The final Section presents a series of CE-DFCS measurements, beginning with initial demonstrations of these techniques followed by more advanced and recent measurements. This overview is meant to highlight the general capabilities of these systems as well as the recent technological advances that have allowed significant simplifications of experimental setups. The measurements presented here include trace detection of room temperature gas samples, breath analysis, and detection and characterization of cold molecules in supersonic jets.
Initial demonstrations
Gherman and Romanini performed broadband CEAS using a Ti:sapphire mode-locked laser to probe the high overtone spectrum of C 2 H 2 at 860nm [26] . This system performed transient CEAS measurements using a cavity with a finesse of F = 420 and achieved an absorption sen- [27] . An example of these measurements is provided in Fig. 19 . This system used a F = 3300 cavity and cavity ringdown detection to achieve an integrated absorption sensitivity of 10 fiber laser-based frequency combs aided by high resolution spectrometers in cavity transmission has drastically increased the detection sensitivity and spectral resolution available with CE-DFCS systems [29] .
Trace detection at 1.5 µm
The trace gas measurements presented here were made with an Er +3 fiber comb with f r = 99 MHz. The laser provided a 100 nm spectrum from 1.5 to 1.6 µm which could be shifted to 1.6 -1.7 µm using a Raman shifting amplifier [76] . The comb was coupled to a F SR The gases that were measured and analyzed in our 1.5 µm CE-DFCS system include: CO, CO 2 , C 2 H 2 , C 2 H 4 , CH 4 , and NH 3 . Parts of the recorded spectra for each of these gases are shown in Fig. 20 and Fig. 21 . Since these trace gases are measured in a host gas of primarily N 2 , the air broadening coefficient adequately describes the observed collision broadening. For measurements presented in this Section, an intracavity gas pressure of 250
Torr was chosen such that the average linewidth for a gas under measurement was 1.8 GHz, resolvable by the 800 MHz resolution of our system.
For the molecules listed above, the spectral window between 1.5 µm -1.7 µm contains more than 10,000
individual lines for measurements at 296 K. To handle this large amount of information, we created a database containing the center frequency, line intensity, and the air-broadening coefficient of more than 60% of the existing lines. This database was compiled from a variety of sources [77] [78] [6] . Using this database, gas con- Calibration of the spectrometer was performed using three gas mixtures containing a total of four target gases consisting of 10 parts per million (ppm) CO 2 , 1 ppm CH 4 , 1 ppm C 2 H 4 , and 1 ppm NH 3 , all mixed with balanced N 2 . The accuracy of trace gas concentrations was specified to within 1% of the total concentration by a commercial supplier of standard gas. Since the spectral lines from these four molecules cover the entire spectral region from 1.5 µm to 1.7 µm, we were able to verify the calibration of the absorption loss provided by the cavity transmission equation (eq. 6) for the entire spectral region. Finally, we made mixtures of CO and C 2 H 2 by mixing pure samples of these gases with N 2 to determine the minimum detectable concentrations of these gases.
These results, along with their detection wavelengths, are listed in Table 1 .
Isotope ratio measurements
A powerful demonstration of the sensitivity, dynamic range, and resolution of our spectrometer can be made via isotope measurements. During the course of measuring the spectra of CO, CO 2 , C 2 H 2 , H 2 O, and CH 4 , we recorded spectral regions that contain multiple isotopes of all of these molecules. Figure 22 shows the spectra of CO and C 2 H 2 containing multiple isotopes. For both The ability to accurately measure molecular isotope ratios has found important applications in many fields of science. For instance, doctors use stable isotope ratios of 13 CO 2 on the breath of patients to detect Heliobacter Pylori for diagnosing ulcers [79] . Geologists use stable isotopes of H 2 O to investigate the transport of groundwater sources [80] . Climatologists and paleontologists use stable isotopes of O 2 to determine the past temperature of the Earth's atmosphere from ice cores [81] . These examples represent just a few of the useful applications of stable isotope ratio measurements.
Breath analysis
One emerging application of trace gas detection is human breath analysis. Human breath contains trace quantities of more than 1000 molecules [82] . Abnormal concentrations for many of these different molecules, called 'biomarkers', have already been correlated to specific diseases and health conditions [83] . CE-DFCS is particularly well suited for breath analysis because of its wide spectral coverage allowing for detection of many different biomarkers simultaneously. In the 1.5 -1.7 µm region, there are more than 10 biomarkers that exist in human breath in detectable quantities. Figs. 23 and 24 show two sets of measurements that detect a couple of these biomarkers in human breath samples. These measurements were performed with the 1.5 µm system described in the previous section. Detailed descriptions of these measurements can be found in [29] .
The first set of breath measurement, shown in Fig.   23 The inset shows a zoomed-in portion of the CO2 landscape.
The spectral region between 1. The second breath measurement shown in Fig. 24 illustrates how environmental and behavioral factors that determine health can be monitored via breath analysis. Figure 24 shows the breath spectra of two students.
Student 1 is a smoker who had a cigarette 15 minutes prior to providing the breath sample. Student 2 is a non-smoker who has relatively low exposure to carbon monoxide. Figure 24 shows that the breath of student 1 has a high CO concentration (6 ppm), student 2 has a low CO concentration (< 1 ppm). While smoking provides an example of the behaviorial effect on the CO level in breath, environmental conditions can also lead to elevated CO breath levels. For instance, individuals who spend a large portion of their day in congested traffic or people live with elevated levels of CO at home are also prone to elevated CO levels in their breath [85] .
The breath measurements presented here provide a modest glimpse of the health information that can be acquired by analyzing a patients breath. In the 1.5 µm spectral region alone there are also strong absorptions from ammonia which can be used to detect kidney failure [86] , acetone which is an indicator for diabetes [87] , and ethane and ethylene for detecting lung cancer [2] .
Spectroscopy of cold molecules
So far, measurements presented in this work have been on room temperature gas samples at relatively high pressures and therefore it is not required to employ higher spectral resolution than what is provided by the VIPA spectrometer. In this Section, we discuss a technique that uses precise control of the comb and cavity frequencies in conjunction with a VIPA spectrometer to extend the spectral resolution far beyond what is provided by the VIPA alone. We present some measurements on a cold molecular beam of 10% C 2 H 2 in a supersonic expansion of argon carrier gas that demonstrate these extended capabilities.
The first step to performing these measurements is to stabilize either the cavity or comb modes. In the measurements presented here, the cavity modes are stabilized as shown in Fig. 25 . In this system, the frequency comb f r = 99 MHz and the cavity F SR = 396 MHz.
This mismatch of f r and F SR has the unfortunate side effect that only 25% of the comb components are coupled into the cavity for spectroscopy. Ideally, a laser with a high f r (400 MHz ≤ f r ≤ 800 MHz) would be coupled to a cavity of the equivalent F SR. Since a high-f r laser was not available, we used a high-F SR cavity to make the frequency spacing between the comb modes in cavity transmission close to the resolution of the VIPA spectrometer. This configuration allows high resolution features to be retrieved with high measurement contrast.
The diagram in Fig. 26 provides a visual description of how higher resolution is achieved even if the cavity F SR is not greater than the VIPA resolution. When one of the cavity modes within the resolution envelope of the VIPA experiences loss due to absorption, the VIPA channel registers a loss that is diluted by the number of For the cold C 2 H 2 measurements presented here, the cavity was stabilized using an iodine-stabilized Nd:YAG laser at 1.064 µm. The cavity length was locked to within λ/3200, resulting in a frequency stability of each cavity mode of 250 kHz. The cavity modes were then scanned using an acousto-optic modulator (AOM) that varied the frequency of the Nd:YAG laser. To scan a complete F SR at 1.5 µm, the frequency of the 1.064 µ laser must be scanned 1.5/1.064 × 400 MHz ≈ 600 MHz. Figure 27 shows a full F SR scan of the cavity modes at the peak absorption wavelengths of eight of the lowest lying rotational lines in the ν 1 + ν 3 C 2 H 2 overtone spectrum.
Due to the broadband nature of the VIPA spectrometer, these traces (plus thousands of others) were recorded during a single frequency scan by the AOM. 
Conclusion
The measurements and techniques presented in this review represent the current state of the art for CE-DFCS.
As this is a relatively new field, the capabilities of these systems and the techniques available are improving rapidly.
Already CE-DFCS has demonstrated detection of molecular concentrations in the low ppb range for many molecules with spectral resolutions as low as 250 kHz. The remarkable aspect about CE-DFCS is that this high sensitivity and resolution can be implemented across large spectral bandwidths, realizing a true real-time scenario for rapid detection.
As applications of these systems become more demanding, the current limits of CE-DFCS systems will certainly be overcome. Directions for improving CE-DFCS performance include new broadband cavity designs such as prism cavities mentioned in Section 3. 
